



[bookmark: _Toc163518906]Executive Summary 
This report introduces a cooling fan arrangement located on the DragonLNG reliquification package. DragonLNG utilise a “Enterprise Asset Management” software package named “Maximo” to plan preventative maintenance whilst also capturing corrective maintenance activities within the software package. Upon evaluating the corrective maintenance data currently available there is evidence of infant mortality of equipment before a reducing number of corrective maintenance work orders generated. Despite the planned preventative maintenance, there remains emerging corrective maintenance requirements that condition based monitoring could identify allowing for maintenance tasks to be planned prior to breakdown, reducing the risk of a plant outage. A consideration of costs found the configuration of DCS alarms affordable, whilst finding the installation of permanent access deck below the cooling fan arrangement not feasible in the short term.
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[bookmark: _Toc163518908]1. Introduction
[bookmark: _Toc163518909]1.1 DragonLNG
This report will critically evaluate the maintenance approach of a cooling fan and its motor found at DragonLNG. DragonLNG is a “liquified natural gas” (LNG) import, storage and regasification terminal located on the Milford Haven waterway in South-West Wales, DragonLNG ltd (2024). In 2018 DragonLNG commissioned a Re-liquification plant (RP) to manage storage tank pressures, allowing the terminal to offer “Zero-Sendout” capabilities. In this mode all boil off gas generated in the storage tanks is re-liquified and returned to the storage tanks as LNG.
[bookmark: _Toc163518910]1.2 Purpose of Report
[image: A diagram of a maintenance process

Description automatically generated]This report will explore the current maintenance approach to a cooling fan system on the DragonLNG Re-liquification plant. The report will describe and evaluate the current planned maintenance plan associated with the equipment and appraise the potential to introduce new maintenance techniques, evaluating the costs and considerations of any changes suggested.
[bookmark: _Toc163518911]1.3 Maintenance Techniques
For many years there has been increasing importance placed on utilising effective maintenance to improve profit margins within industry, Tomlingson (1998). Bokrantz et al (2020) reinforce this view suggesting modern maintenance techniques have an expectation of improving and maintaining high productivity levels whilst reducing the cost of maintenance. The image in figure one shows the relationship between varying types of maintenance, for which Williams et al (1994) describe total productive maintenance and reliability centred maintenance as two strategies to successfully meet all maintenance requirements.
Figure one: Relationship of approaches within planned maintenance, Williams et al (1994)

[bookmark: _Toc163518912]2. Current Maintenance Practices
[bookmark: _Toc163518913]2.1 Equipment Purpose
DragonLNG has a storage capacity of 320,000m3 of LNG within two storage tanks. LNG is maintained at -155oC through a process of auto refrigeration which generates “Boil off gas” (BOG) heat is absorbed from the environment. The generated boil off gas requires managing to prevent over pressurisation of the storage tanks. Typically, LNG storage and export terminals requires send-out to create a vapour space in the storage tank to accommodate the generated BOG, Wlodek (2019). DragonLNG utilise a “Reliquification” process when they are not exporting natural gas to the national grid. During this period, BOG is cooled back to liquid form in a heat exchanger (Cold box) where nitrogen is used as a refrigerant. 
[image: Image preview]RP utilises N2 as a refrigerant which is compressed three times from a pressure of 8 bar to 40bar. Between each compression stage there are three cooling fans to reduce the N2 temperature to less than 42.5 degrees Celsius. The operating philosophy is N+1 so there is always a standby fan during operation. This availability allows for maintenance on the fans whilst the reliquification process is active. Figure two shows a section of the nine cooling fans on the RP plant.Figure two: Nitrogen cooling fans in situ



[bookmark: _Toc163518914]2.2 Current Preventative Maintenance
DragonLNG execute a high level of preventative maintenance to reduce the number of corrective maintenance occurrences. All maintenance tasks are managed using an “Enterprise Asset management” software packaged provided by IBM named “Maximo”. This software is used to create planned maintenance work orders whilst also capturing corrective and emergency maintenance tasks. Currently there is a full dataset for the years 2019 through to 2023 which will be used for this report.
A review of the work order data captured within DragonLNG’s Maximo database has been performed, an example for fan E176-202-1 and its motor can be seen in appendices two and three. The following preventative maintenance practices are evident for each fan and associated fan motor:
· Annual thermographic survey carried out by electrical technician,
· Annual inspection routine for fan motor carried out by electrical technician,
· Annual inspection routine of the fan, bearing and belts carried out by a mechanical technician.
Scaffolding is erected for the duration of all annual surveys and is then dismantled should no corrective maintenance be necessary.


[bookmark: _Toc163518915]2.3 Historic Corrective Maintenance
Upon reviewing the Maximo database, instances of corrective maintenance across the nine cooling fans were also noted. Common to every motor, was a work order to investigate moisture ingress into the motor terminal box. There were then subsequent work orders raised to change a poorly installed “RJ45 plug” to prevent the issue from reoccurring. The work orders associated with this issue required three hours for an electrical technician to remediate.
Another common issue that required corrective maintenance for all nine fan units was the installation of an incorrectly sized cable between the variable frequency drive and starter motor. This issue required two electrical technicians for two hours to replace each cable across the cooling fan system.
In addition to the already described corrective maintenance, figure three shows the additional corrective maintenance tasks that have occurred specific to each item of equipment. 
[image: ]Figure three: Corrective maintenance performed excluding common faults.

[bookmark: _Toc163518916]2.4 Evaluation of Corrective Maintenance
[image: ]The two common issues associated with all fans and their motors is indicative of increased frequency of corrective maintenance requirements following the start-up of new equipment. The bathtub curve as described by Ohring (1995), seen in figure four, can be used to explain these common corrective maintenance requirements following the commissioning of the reliquification plant. Figure four: Bathtub reliability curve as described by Ohring (1995)



When plotting the figures collected in figure three, including the common corrective maintenance tasks common to all fans and fan motors, against the year of which the fault occurred, the below graph in figure five can be seen. 2019 was the year following the commissioning of the RP plant and “infant mortality” stage appears to be exhibited. The dataset is limited at present with only five years of data and care needs to be taken to draw conclusions at this stage.Figure five: Graph of Corrective Maintenance frequency per year





[bookmark: _Toc163518917]3. Room for Improvement
The annual inspection currently performed by the mechanical and electrical department is evidence of a basic preventative maintenance plan on the cooling fan and motor units. Upon review of the Maximo database, the eighteen common commissioning faults were found from the annual inspection regime. The subsequent faults that required corrective maintenance all occurred during operation, either evidenced by noise during a process operatives observation round, or by the equipment tripping. 
[bookmark: _Toc163518918]3.1 Alternative Approaches
Silvestri et al (2020) and Bokrantz et al (2020) both discuss the current development of “smart maintenance” in industry 4.0 as an advancement in maintenance practices, utilising modern technology to further reduce costs of heavily automated processes. The current maintenance practice however is indicative of second-generation maintenance, not meeting the description of third-generation maintenance, “reliability centred maintenance”, as described by Moubray (2007). 
Moubray (2007) suggests seven basic questions should be asked when determining reliability centred maintenance, with the sixth question aimed at understanding predictive or preventative measures prior to failure. Scarf (2007) introduces condition monitoring as a method of identifying patterns that are associated with equipment close to failure. This type of monitoring could be used on the fan and fan motor units. There are already vibration sensors equipped to the fan’s and although Matthew and Alfredson (1984) initially suggested there was no certainty that all vibration was caused by a failed bearing, Randall (2022) suggests vibration is a leading indicator of this form of failure. It can be suggested that setting appropriate caution and warning alarms on the vibration data fed to the DragonLNG distributed control panel could be used to raise awareness of deteriorating fan performance. In figure six the graphical representation of the fan running status can be seen. Also shown in the figure above each unit is the current vibration sensor reading. It is suggested that alarm settings could be associated with this data.
[image: ]Figure six: Graphical representation from DragonLNG’s DCS system showing vibration and full load current data.








Condition based monitoring could also be used to monitor the state of the belt connecting the fan and fan motor. Tensioning of this belt has been necessary on motor EM203-1 whilst the belt on 203-2 needed replacing. Verma (2020) discusses vibration also being an indicator of a belt fault, although also suggests belt-tensioning sensors as a more accurate alternative. 







[bookmark: _Toc163518919]3.2 Consideration of Costs and Resources
DragonLNG are subject to significant financial penalties for not having the Reliquification plant available when the customers nominate zero-sendout outside of planned maintenance days. The loss of two nitrogen cooling fans on one compressor stage would lead to this unavailability. This would force customers to send-out gas and an associated penalty of approximately £26,000 per day would be incurred. This potential financial penalty places emphasis on ensuring that a N+1 philosophy is maintained, encouraging the use of condition-based monitoring.
DragonLNG already have a contracted Emmerson DCS engineer working at the terminal who can make alterations to the DCS configuration. A review of historical and manufacturer data would be necessary by the process, mechanical and control & instrumentation engineers to ensure the alarm set points of vibration sensors were configured correctly. Assuming an eight-hour day for the four engineers this would likely cost less than £5,000. Given the cost associated with scaffolding the cooling fan units is approximately £4,000, the efficiencies of planning belt tensioning and replacements could be justifiable.
Currently all maintenance requires scaffolding for access to the fan and fan motor with an approximate £4,000 associated cost. DragonLNG have a service contract with Altrad and pay costs on erection. There are scaffolders available on site during the week who have access to a large yard of scaffolding materials. Consideration should be given to building a permanent access deck below the nitrogen fans. There is evidence in the DragonLNG continuous improvement database which can be seen in appendix four, that this is already under consideration. The installation of a permanent access deck is likely to be cost prohibitive given the DragonLNG only has five years remaining on its commercial contract.


[bookmark: _Toc163518920]3.3 Suggested Improvements
Below are a set of improvements that are suggested suitable to improve the current maintenance of the nitrogen cooling fan arrangement. The expectation is for short term improvements to be done within six months, medium term within twelve months and long term within three years.
[bookmark: _Toc163518921]3.3.1 Short term improvements: 
· Perform a review of technical data and configure suitable “warning” and “potential failure” alarms on the vibration data communicated via the distributed control system. 
· Implement fan running order as fans one and two on each compression stage have significantly greater running hours than fans three.
[bookmark: _Toc163518922]3.3.2 Medium term improvements: 
· Perform a cost benefit analysis of introducing a belt tensioning sensor to each fan unit, versus using vibration data to understand potential belt slippage. 
[bookmark: _Toc163518923]3.3.3 Long term improvements:
· Evaluate the economic feasibility of installing a permanent access deck below the nitrogen fans following a renewal of throughput agreement.
· Explore “Smart maintenance” strategies associated with industry 4.0.




[bookmark: _Toc163518924]4. Conclusion
Upon investigation of the maintenance strategies associated with the nitrogen cooling fan unit on DragonLNG’s RP unit, there is initial evidence of planned preventative maintenance occurring. This maintenance could be further improved by creating a reliability centred maintenance strategy, utilising condition monitoring to predict potential equipment failures and plan corrective maintenance more efficiently. Whilst there are additional ways to reduce scaffolding costs associated with corrective maintenance, this would come with significant capital expenditure that is difficult to justify before the renewal of a plant throughput agreement.
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[image: ]Appendix one – Maximo Job plan for mechanical inspection of cooling fan
[image: A white paper with black text
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[image: ]Appendix two – Maximo snapshot of work orders associated with one nitrogen cooling fan unit.

[image: ]Appendix three – Maximo snapshot of work orders associated with one nitrogen cooling fan motor.
[image: ]Appendix four – Evidence of identified improvement under consideration
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Year Equipment Crew CM Task

202-2 Electrical Rectify communications failure

202-2 Electrical Rectify communications failure

202-2 Electrical Low internal resistance - earthing fault

2020 204-1 Electrical Communications failure

203-1 Mechanical Investigate noisy fan & increased vibes

203-1 Mechancial Replace worn bearings

204-1 Electrical Investigate fan tripping and repair

204-1 Electrical Investigate fan tripping and repair

204-1 Electrical Investigate fan tripping and repair

204-1 Electrical Rectify communications failure

203-1 Mechanical Belt tensioning

203-2 Mechanical Replace belts

203-1 Electrical/Mechanical Replace fan motor

203-2 Mechanical Repair broken grease nipple

2021

2019

2022

2023
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MAXIMO JOB PLAN

JOB PLAN REF: | M380

JOB P i DRAGONLNG

e Fan Inspection DRASON

Rev

RV bate Deseription Approved  Designation

001 Apri2018  For Approval Maintenance Manager
Responsibiity MAINTENANCE Labour Code Quantity  Labour Hrs

Conditions for Work ~Running, then Isolated Mech 2 4

Reason for Work Routine Inspection

Duration 5 Hrs

PERFORMANCE STANDARD REFERENCES

TERM-MI-05 Ventiation Systems.

Work Instructions

Task ID

‘Task Description

)

Permit to Work system
‘The Dragon LNG Permit to Work system DLNG-P-HS-014 must be followed at al imes.
Environmental Management

‘The Dragon LNG Environmental Management System (EMS) DLNG-P-EV-012 must be followed at all
times.

3

Running Inspection — Follow Steps 20-70.

‘Check for any recent nofification and condition monitoring reports regarding the fan to
determine if there is any evidence of degradation

Inspect area for general cleanliness and tidy area as appropriate. Survey unit for any
unusual noises or vibration.

‘Check that the foundation and hold down bolts are tight.

‘Check lube oil grease system level and for any signs of leakage / overfiling.

‘Check condition and security of all instrumentation, cabling and conduit. Ensure all items are,
intact and adequately supported.

‘Check any gauges and ensure that they are in good condition and are operational. Ensure
all level and flow glasses are in good condition and oil flow / level can be seen.

Isolated Inspections ~ Follow Steps 90 - 160

8|8 3| 8[g| & g ¥

Remove Guard and visually inspect condition of Coupling or Pulleys as applicable.

‘Check Fan and Motor Bearings for any signs of wear or bi
arrange new work order for bearing change

ing. I any bearings are suspect

Visually inspect belts where fitied. Replace as a matched set f belt damage is observed.
Check belt tension and adjust as necessary. Ensure pulleys are correctly aligned, re-align if
required.

Ensure that the coupling/belt guard is secure and does not foul with any rotafing parts.
Ensure that guards are appropriate for safe operation.
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130 Check condition of fan seals.

140 Inspect suction and discharge duct flanges for any signs of leakage.

50 Inspect fan impeller / biades for damage. Clean as necessary.

60 Inspect all fan ancillary systems and flexible connections for appropriate support and any
signs of leakage.

70

Report any faulls found and raise a Maximo work order for any defects identified that cannot
be rectified under this Job Plan.
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(442) Installation of grating platform under the RP Interstage and lube oil cooling fans for permanent access.

This Idea/Observation has been marked as a Major Project
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During the design phase of the RP, | requested that the interstage cooling fans has grating walkways installed under the fans and motors to be able to access them for inspection during operation and to allow
maintenance activities to be carried out, checking/replacing belts, greasing of fan and motors, changing motors etc.

Wartsila informed us that this would possible due to the obstruction to the air flow through the fans if grating were placed underneath them, causing a reduction in cooling flow and loss of RP throughput. This
was evidently incorrect as for every maintenance activity, which is currently being undertaken, the whole of the interstage fans are decked out with scaffolding to allow maintenance to conduct work on all 9 fans.
The scaffold is a sold deck below the fans, causing far more air flow obstruction than grating ever would, and the cooling flow through the fans with scaffolding is not being affected.

Decking the fans out in grating for permanent access would save scaffolding costs for every preventative and corrective maintenance activity that has to be carried out. The Lube oil cooling fans could also be
included in any design for grating to allow access to them for the same reasons.
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